Abstract-We investigate the impact of smart antennas on specific absorption rates (SAR) at 1.9 GHz. We emulate the operation of the smart antennas by utilizing a mobile telephone prototype configured with two PIFA antennas and applying carriers with different signal phases to them. The SAR of this prototype is simulated using FDTD and is also experimentally determined using a MapSAR system. It is found that the operation of smart antennas on SAR has a significant impact, with SAR changing by over 50% for various signal phases. This leads to the conclusion that if smart antennas are to be utilized in handsets careful investigation of their impact on SAR is needed.
I. INTRODUCTION
Smart antennas and multiple input multiple output (MIMO) antenna systems are seen as one of the potential technologies for enhancing performance and capacity of future wireless communication systems [1] - [5] . They are based on utilizing multiple antennas for both transmission and reception of signals and can allow performance and capacity enhancement without the need for additional power or spectrum [1] - [3] .
Wireless communication devices have also become associated with possible health effects surrounding the exposure of humans to electromagnetic radiation [6] , [7] . One of the most widely used parameters for the evaluation of exposure is the specific absorption rate (SAR). Having low SAR not only reduces electromagnetic exposure but also increases the efficiency of the antenna systems and therefore the battery life of the communication system. Research has focused on measuring, modeling and determining the effects of SAR on humans [6] - [9] . Efforts have also focused on ways to design antennas to reduce SAR exposure [9] - [11] . Reduction of SAR can be achieved by minimizing the near field impinging on the human head [9] . The effect of coupling between the chassis and antenna [11] as well as antenna directivity issues for systems operating at Ka bands [10] have also been investigated. Furthermore, nearly all newly proposed handset antennas now consider SAR an important design specification that they must meet. Few papers, however, consider the effect of SAR when smart antennas are introduced at the handset [13] , [14] . The object of this communication is to evaluate the effect of smart antennas on SAR at 1.9 GHz. We utilize a handset prototype with two planar inverted F antennas (PIFA) to form the smart antenna system. When the smart antennas are used for uplink transmissions we emulate the antenna weights by applying different signal phases (while keeping the total transmit power constant) to the PIFA antenna feeds and measure (and simulate) the resulting SAR. Alternatively if the smart antennas were only used for reception (downlink communication), the antenna weights would be freely available for reducing SAR when uplink transmissions occur. In both cases knowledge of the variation of SAR with the weights allows us to determine the impact of smart antennas on SAR. It may also lead us to techniques for minimizing SAR.
II. CONFIGURATION
The equivalent system model we assume for the smart antennas is shown in Fig. 1 . The wireless communication signal to be transmitted is passed through a splitter and then multiplied by antenna weights before being radiated by the PIFA antennas on the handset prototype. In practice, the antenna weights maybe determined by some appropriate uplink algorithm (such as those based on MMSE [2] , [5] ) or set freely if the smart antennas are used for downlink communications only. The geometry of the PIFAs and printed circuit board (PCB) layout for our prototype are shown in Fig. 2 . The dimension of the PCB is l = 110 mm, w = 50 mm while the size of the PIFAs are P L = 34 mm, P w = 10 mm with heights of h = 6 mm and PIFA separation, d = 20 mm. The corresponding S-parameters for the prototype is shown in Fig. 3 where it can be observed that both antennas achieve S 11 and S 22 matches of less than 010 dB at around 1.9 GHz. The S 21 coupling between the antennas is less than 09 dB. Although mutual coupling of 09 dB is not insignificant it is generally accepted that envelope signal correlations between the antennas in realistic mobile environments only needs to be less than 0.5 [2] , [4] , [5] . Using the bound e < 25jS 12 j 2 (which is valid if the magnitude of the S-parameters satisfy the condition jS11j + jS22j + jS11jjS22j + jS12jjS21j < 0:25 and is also satisfied in our experiment) we can show that e < 0:39 indicating that sufficient diversity would be achieved [2] , [4] , [5] .
The head phantom we utilize is a spherical head phantom and is shown in Fig. 4 . The model is the same as that utilized in the mapSAR equipment we employ for the measurements (see next section). Although it is a simplified head model, it allows the mapSAR equipment to quickly obtain SAR measurements that are sufficiently accurate for the design phase of mobile handset antennas (further information is currently available at http://www.indexsar.com/benchtop.htm). The phantom is constructed from a glass flask filled with liquid head material and the inner diameter of the glass flask is 198 mm and the thickness of glass is 4 mm. The density for the liquid head material inside the flask is 1000 kg=m 3 and the conductivity and relative dielectric constant are 1.42 and 39.9, respectively, at 1.9 GHz. The density, conductivity, and relative dielectric constant for glass flask are 1000 kg=m 3 , 0.0018, and 4.6, respectively.
III. RESULTS
Experimental SAR measurements for the head phantom were performed using the MapSAR system produced by indexSAR (further information is currently available at http://www.indexsar.com/benchtop.htm). The signal for the SAR measurement was formed by passing a 1.9 GHz carrier generated by an HP8753D signal generator through a power splitter to form two identical signals but with different phases. Specifically, we used the Mini-Circuits ZFSC-2-2500 power splitter for producing 0 degree phase shifts, the Mini-Circuits ZAPDJ-2 power splitter for producing 180 degree shifts, and the Narda 4333 splitter for the 90 degree and 270 phase shifts. All insertion losses were calibrated out of the measurement results. Each signal was then connected to one of the PIFA feeds, where it was noted that the feed of one PIFA was slightly longer than the other and this corresponded to an additional 20 degree phase shift which is incorporated in the experimental results. A power meter was utilized to measure the actual power input to the antennas so that impact of return loss from the mutual coupling was removed. Calibration of the experimental system was performed by using a single dipole calibration antenna consisting of a standard dipole and balun operating at 1.9 GHz and located at S = 4 mm from the glass surface and centered along the vertical coordinate axis in Fig. 4(b) .
Simulations of SAR were also performed to allow further verification of the trends. These were performed using the FDTD software XFDTD using the same prototype and head phantom as described in Section III. The two feed signals required in our simulations were formed by using two separate sources with a specified phase difference. The calibration procedure used in the experimental system was repeated by simulation to calibrate the FDTD simulation results to the MapSAR system.
All our SAR results are specified as maximum 1 g SAR and are normalized to 1 W radiated power for the simulations and in the experimental setup it is normalized to 1 W actual power input to the antennas where any return loss from the mutual coupling has been removed. The first set of results we provide are shown in Fig. 5 when our prototype handest (see Fig. 4 ) is located at S = 4 mm, H = 80 mm and V = 20 mm. Both simulation and experimental results (the experimental phase shifter described above only produced phase shifts of 0, 90, 180, and 270 degrees and therefore only four experimental points are shown) are provided when both feeds are operating. Although there is some discrepancy between the experimental and simulation results both show that SAR varies by more than 50% depending on the phase angle between the weights. When only one feed is connected the measurement SAR is around 5 mW/g while the minimum and maximum SAR with both feeds connected is between 2 and 7 mW/g, respectively. This demonstrates that the use of smart antennas for uplink transmission could have a significant impact on SAR.
To determine if the SAR is sensitive to variation in the position of the prototype we have provided in Figs. 6 and 7 results when the handset is moved. In Fig. 6 we provide experimental and simulation results for when H is increased by 6 mm. Very little change in the results occurs indicating that SAR may not be very sensitive to position in this case. In addition in Fig. 7 we provide simulation results for more positions of the prototype when H and V are both changed be other amounts. These again show that SAR is not particularly sensitive to handset position.
In Fig. 8 we provide simulation results for three frequencies between 1.8-2.0 G and these again show that no significant change in the SAR results occur.
IV. DISCUSSION
A key question arising from our results is why the SAR varies with the phase difference between the feeds in the way observed. Typically the location of the maximum SAR of a particular head and handset configuration is usually associated with a region near the surface of the head where the handset is located. In our analysis we believe that the fields in this region can be changed by the use of the smart antennas so that the SAR can be altered. In our example we can understand this effect by considering possible even and odd mode excitation of the two PIFA antennas. When the phase difference between the feeds is zero we can think of it as an approximate even mode and the fields then must be approximately symmetrical about a plane vertically centered between both PIFAs and no electric feed lines will pass through that plane. Therefore the electric field lines from each PIFA will be diverted away from each other and the SAR in the region near the surface of the head close to the center of both PIFAs will most likely be reduced. On the other hand the odd mode SAR, when the feeds are 180 degrees out of phase will have electric field lines that "connect" both PIFAs together, concentrating the field strength in the center between both PIFAs. The SAR at the surface of the head in the region near the center of the PIFAs will most likely be increased. Both these trends are born out by our results where a minimum is approximately at zero phase and a maximum in SAR approximately at 180 degrees. Other phase shifts for the feeds can be formed by appropriate combinations of the odd and even modes. In particular the peak SAR can be "scanned" from left right in the region near the surface of the head in close proximtry to the handset by appropriately shifting the phase. The 0 degree phase corresponds exactly to when the peak is split between both the right and left sides. This effect may be evident from the results in Figs. 6 and 7 where we can see that slight variations in the feed phase difference are required to maximize the SAR as we move the handset back and forth along the head by changing H.
V. CONCLUSION
We show that the operation of smart antennas on SAR will have a significant impact when used in uplink transmissions. In particular, signal or feed weights cause significant variations in SAR depending on the exact phase difference between the feed weights. It can therefore be concluded that the use of smart antennas at the handset will need to be carefully considered if specified SAR levels are important to meet. The results also indicate that additional research is needed in several areas including the effect of weight magnitude, antenna mutual coupling and the size of practical implementations.
I. INTRODUCTION
Method of moments (MoM) algorithms have been successfully used for modeling piecewise heterogeneous structures involving sections of metal and dielectric blocks [1] . In particular, however, the modeling of junctions (see Fig. 1 ) formed by joining two or more different material surfaces each satisfying different boundary conditions (including approximate boundary conditions) continues to be a challenge.
Methods of analysis for heterogeneous targets using integral equations have been studied for over two decades. Shin, et al. [2] and Yip and Dembart [3] have already discussed the modeling of junctions made up of perfectly electrically conducting (PEC) and dielectric regions as well as resistive sheets. Their approach employs the traditional Rao-Wilton-Glisson (RWG) basis functions and is
